Abstract. The ionospheric storm evolution process was monitored during the 22 September 1999 magnetic storm over the Australian eastern region, through measurements of the ionospheric Total Electron Content (TEC) from seven Global Positioning Systems (GPS) stations. The spatial and temporal variations of the ionosphere were analysed as a time series of TEC maps. Results of our analysis show that the main ionospheric effect of the storm under consideration are: the long lasting negative storm effect during a magnetic storm at mid-latitude regions; the strong, positive disturbances during the storm's main phase at auroral latitude regions; the effects of storm-induced equatorward directed wind causing a positive disturbance at high and mid-latitude stations with appropriate time shift between higher and lower latitudes; daytime poleward movement of depleted plasma that causes temporary suppression of the equatorial anomaly during the start of the storm recovery phase; and prompt penetration of eastward electric fields to ionospheric altitudes and the production of nearly simultaneous TEC enhancement at all latitudes. In general, we found dominant negative disturbance over mid and high latitudes and positive disturbance at low latitudes. A comparison of storm-time behaviour of TEC determined from GPS satellites, and f o F 2 derived from ionosondes at a range of latitudes, showed reasonable agreement between the two independent measurements.
Introduction
Notwithstanding the fact that ionospheric storms have been the subject of scientific enquiry for several decades now, storm effects have not yet been fully explained, especially in the Southern Hemisphere, where less research has been undertaken. The most significant remaining problems, as well as recent advances in the study of the ionospheric storms,
Correspondence to: E. Yizengaw (ekassie@igpp.ucla.edu) have been well documented elsewhere (e.g. Pröllss, 1991; Buonsanto, 1999; Danilov and Lastovicka, 2001 and references therein).
During magnetic storms, the disturbed solar wind compresses the Earth's magnetosphere, and intense electric fields are mapped along geomagnetic field lines to the high latitudes (Fejer, 2002 and references therein), causing significant joule heating to the ionosphere (Prölls, 1997) . At times these electric fields penetrate to low latitudes, and at high latitudes they produce a rapid convection of plasma which also drives the neutral winds via collisions. At the same time the auroral oval expands to lower latitudes, and the associated energetic particles precipitate to the lower thermosphere and below, increasing ionospheric conductivity. Intense field-aligned electric currents couple the high latitude ionosphere with the magnetosphere, and the enhanced energy input to the ionosphere causes considerable heating of the ionized and neutral gases. The resulting expansion of the thermosphere produces gradients in pressure, which drive strong neutral winds. The disturbed thermospheric circulation alters the neutral composition, and moves the plasma up and down along the magnetic field lines, changing the rate of production and recombination of the ionized species.
The statistical picture of ionospheric storms was described in detail in earlier studies (e.g. Rodger et al., 1989; Szuszczewicz et al., 1998; Danilov, 2001) . Prölls et al (1991) even made an attempt to classify the possible causes of positive and negative ionospheric storm effects using the data from ground-based ionosondes. The objective of this study is to ascertain the nature of storm-related variations in one of the main ionospheric parameters, TEC, at different latitudes in the Southern Hemisphere during all stages of the major magnetic storm on 22 September 1999.
Data analysis
TEC can be derived from transionospheric GPS signals recorded at ground-based GPS receivers (Klobuchar, 1991 (Klobuchar, , 1996 Breed et al., 1997; Makela and Kelley, 2001 ). Methods of TEC calculation from GPS observations have been described in detail in several papers (Sardón et al., 1994 , Breed et al., 1996 and the reference therein). More specifically, Horvath and Essex (2003b) have clearly outlined the algorithm that has been used in this paper, which uses the methods described by Sardón et al. (1994) . Here we give a brief description of the procedure.
The total electron content along the GPS raypath from a satellite to a receiver is known as slant TEC (STEC). The STEC can be obtained from the difference between the pseudoranges (P 1 and P 2 ), and the difference between the phases (L 1 and L 2 ) of the two GPS signals (Klobuchar, 1996; Horvath and Essex, 2003b) . The relevant equations are:
where f 1 and f 2 are GPS signal frequencies and are equal to 1.57542 GHz and 1.2276 GHz, respectively, K=80.62 m 3 s −2 is a constant that relates plasma frequency to electron density, λ 1 λ 2 are the wavelengths corresponding to f 1 and f 2 . The STEC from differential phase (STEC P h ) is less affected by multipath effects (Klobuchar, 1996; Jakowski et al., 1996) , and thus it provides smoother and high precision measurements of STEC. However, because of the 2π ambiguity in phase measurements, the absolute value of STEC cannot be determined. Hence, there is an "offset" and so the TEC determined from the phase measurements is called the relative TEC and is referenced to an arbitrary zero reference value at the start of the observation of satellite pass. On the other hand, even though it is highly sensitive to the multipath effect, the STEC from differential pseudoranges (STEC Co ) does provide absolute values of TEC. Therefore, to retain the relative accuracy of the phase path measurements, the STEC P h values for a given satellite pass are fitted to the level of the STEC Co measurements, thereby determining the true baseline value for the differential phase related TEC, STEC P h such that
If N measurements are obtained during a satellite pass, B rs is computed as the rms difference between STEC Co and STEC P h as follow.
where i = 1, 2, 3, ---N.
To compare electron content for paths with different elevation angles, the slant electron contents must be transformed into equivalent vertical contents. This conversion, however, is complicated by at least two major factors: the shape of the electron density vertical profile and horizontal gradients in TEC. To overcome the first problem, it is customary to assume the Earth's ionosphere as a thin-shell model at a fixed height (h sp ) in the range 350-400 km (Klobuchar, 1996; Breed, 1996) . The choice of a particular height of the thin shell is not particularly critical, except under a few conditions, such as: (1) in the evening near the magnetic equator where vertical drift raises the peak of the F 2 layer to heights of the order of 600 km and (2) in winter nights in the middle and low latitudes when the F 2 layer decays and the protonosphere content above about 2000 km is comparable with the ionospheric content. Titheridge (1972) made extensive calculations with theoretical electron density profiles and showed that a global average height of 420 km is appropriate for oblique to vertical conversion. As Breed (1996) clearly demonstrated, using different thin-shell heights for different local times and seasons of the year, the magnitude of the error arising from an incorrect choice of median height are insignificant for measurements at an elevation angle greater than ∼15 • . He found that 400 km is an appropriate height for the oblique to vertical conversion. Even during the worst conditions mentioned above, its effect is insignificant for measurements at higher elevation. The horizontal TEC gradients are also insignificant at higher elevation angles, and thus for this paper all measurements below 20 • elevation angle have been discarded.
For this paper h sp =400 km has been used to convert slant TEC to vertical TEC (VTEC) and is, therefore, mathematically given by:
where R e is the radius of the Earth, ε is the elevation angle of the satellite. R B and T B , respectively, are corrections for receiver and transmitter (satellite) biases. Breed et al. (1997) have clearly described the methods used here to determine the instrumental (receiver and transmitter) biases. Furthermore, pre-processing of the GPS data is also performed to detect and remove, or correct signal outliers and signal cycle slips. For this type of measurement, with the sampling rate of 30 s, RMS values as high as 5 TECU were obtained at the equatorial region compared to RMS values less than 2 TECU at the mid-and high-latitude regions. All the plots shown have been obtained by combining vertical TEC observations from all GPS satellites that were operating during the campaign, with a temporal resolution of 15 minutes.
The response of the ionosphere to geomagnetic disturbances is most conveniently described in terms of T EC%, the percentage deviation of TEC from the quiet time value (Förster and Jakowski, 2000) . In this case the quiet day values are the TEC values obtained from the combination of six quiet days, with the K p value less than 2.
Observation
The ground-based GPS TEC data from the equatorial stations Guam and Vanimo, the equatorial anomaly peak station Townsville, the mid-latitude stations Tidbinbilla and Hobart, the auroral station Macquarie Island, and the cusp station McMurdo are studied in detail for the period of 22-25 September 1999. This latitudinal chain of stations, operated by International GPS Service (IGS), is located close to the 150 • E meridian as shown in Fig. 1 . Both geographic and geomagnetic coordinates of all stations are given in Table 1 .
The nature of the September storm is shown in Fig. 2 which presents the most frequently used geomagnetic indices (D st , AE and K p ) and the GSM z-component of the Interplanetary Magnetic Field (IMF) (taken from Advanced Composition Explorer (ACE) satellite data set). The storm sudden commencement (SSC), indicated by the broken line, occurred on 22 September 1999 at 12:22 UT which is premidnight sector for the 150 • E meridian sector. A moderate magnetic storm also occurred on 21 September as indicated by K p -index reaching 4 − between 12:00 UT Septem- ber 21:00 and 02:00 UT on 22 September where after it remained under 3 − until the SSC.
The ground based GPS TEC obtained from the chain of stations is shown in Figs. 3 and 4, which show, respectively, the diurnal behaviour of T EC% and TEC for 22-25 September 1999. During the campaign dropouts occasionally occurred in the GPS signals at the equatorial and lower latitude sites, leading to the data gaps in the TEC curves in Figs. 3-5. The three letters and the number at the right side of each panel refer to the abbreviated name of the stations and their corresponding geomagnetic latitudes. The F 2 layer critical frequency, f 0 F 2 for 22-24 September, obtained from the ionosonde stations at Townsville, Tidbinbilla, Hobart, and Macquarie Island, are also plotted in Fig. 4 (dotted lines) to provide a comparison with the GPS data. On the whole, the good correlation between GPS TEC and (f 0 F 2 ) 2 took place for all stations where f o F 2 data was available. f 0 F 2 data was not available from the remaining stations to present comparison. Open and solid circles on the time axis of Fig. 3 and 4 correspond to local midnight and noon, respectively. The vertical TEC and f 0 F 2 can be related by a simple mathematical equation (Förster and Jakowski, 2000) :
where VTEC is given in TEC units, f 0 F 2 in MHz, and τ in km. The numbers, shown at the top corners of the middle four panels of Fig. 4 , are the correlation coefficients between the TEC and f 0 F 2 data obtained for four days. They show that there is a good correlation with correlation coefficients greater than 0.85 at all four stations.
To demonstrate the influence of the magnetic storm on latitudinal gradients and local time behaviour, the longitudinal difference of GPS data from different stations are corrected to a common median longitude (150 • E), using a simple relation described by Horvath and Essex (2003b) A TEC depletion, or negative storm effect, occurred at high-and mid-latitudes before SSC time (prior to 12:22 UT) on 22 September. It persists at high latitudes until SSC time and even extends until about 19:00 UT on the same day at mid-latitudes, as is most obvious in Figs. 3 and 5 . However, any pre-storm TEC depletion is insignificant throughout the equatorial region, including equatorial anomaly peak stations.
A similar negative storm effect occurred during the post-SSC period at McMurdo between 14:30 and 18:30 UT on 22 September, with a maximum depletion of ∼30% in T EC% at 18:30 UT (about local noon). The effect then expands to mid-latitudes, resulting in a moderate ionization depletion (∼ 5% in T EC%) at Macquarie Island and a deep trough (40-50% in T EC%) at lower mid-latitudes at the times indicated by the upward-pointing arrows in Fig. 3 . A similar equatorward expansion of a trough-like structure occurred during nighttime, mainly about local midnight, on 23 September.
A significant daytime ionization depletion at the equatorial station Vanimo occurred between 01:00-03:00 UT, with maximum depletion occurring at 02:00 UT on 23 September (indicated by the vertical line in Fig. 3 and the upward arrow in Fig. 4) . It then spreads poleward as evidenced by the minimum in ionization at Townsville at 04:00 UT (indicated by the vertical line in Fig. 3 and by the upward arrow in Fig. 4) . The features are also evident in Figs. 5 and 6 which show more clearly the latitudinal and local time boundaries of the features.
Positive storm effects, i.e. ionisation increases, occurred at auroral and equatorial latitudes as evidenced by the TEC enhancements at Macquarie Island and Guam and Vanimo, that occurred just at SSC on 22 September. This positive storm effect increased and reached ∼100% in T EC% at Macquarie Island about 16:00 UT before returning to its quiet day level at 21:00 UT on 22 September. Similarly, at the equatorial latitudes, the positive storm effect developed and reached ∼160% in T EC% around 20:00 UT on the same day. Ionization at the cusp station McMurdo, however, began to recover from its pre-storm dramatic depletion, but, as shown in Fig. 3 , after reaching the quiet day level at 13:30 UT on 22 September, it then decreased.
There is also an ionization enhancement peak that appeared nearly simultaneously at all the stations at 23:30 UT on 22 September. This is evident in Fig. 6 and is indicated in Fig. 4 by the vertical broken line to the right. Although the ionization at Hobart is seriously reduced, i.e. there is a strong negative storm effect (Fig. 4) , it does recover and show a slight enhancement above its previous ionization level.
Significant ionization enhancements at high-and midlatitudes occur after local sunset on 23 September, as indicated by the downward-pointing arrows in Figs. 3 and 4. These enhancements increase as latitude decreases, as shown in Figs. 3-6 .
Apart from small-scale TEC fluctuations at the cusp station of McMurdo, there is not much evidence of any storm influence on TEC during the storm recovery phase on 24-25 September.
Discussion
As shown in Figs. 3 to 6, the severe magnetic storm on 22 September created significant ionization perturbations that were detected in TEC observations obtained by the chain of GPS stations listed in Table 1 . Both negative and positive effects occurred during the event.
The TEC depletion at McMurdo between 14:30-18:30 UT on 22 September was followed by the equatorward expansion of this negative effect. According to the current theories (Fuller-Rowell et al., 1997; Buonsanto, 1999 and the reference therein), this could be explained as follows. During geomagnetic storms the cross-polar-cap potential drop increases markedly, leading to an increased input of energy to the region and an expansion of the neutral atmosphere. Such rapid expansion may cause upwelling (i.e. the motion of air through constant pressure surfaces), which causes the depletion of the atom-to-molecule ratio as air of different composition is raised to higher altitudes. This change in chemical composition causes increased recombination in the ionosphere and a reduction in ionization concentration. Rapid heating and expansion of the atmosphere at high latitudes results in pressure gradients, which, in turn, modify the global thermospheric circulation, producing enhanced equatorward winds. The storm-induced equatorward winds, in turn, transport the composition changes to middle latitudes, again causing a reduction in the level of ionization. This equatorward expansion is therefore consistent with the steep decreases in ionization, which occur in the daytime and appear later in time as one moves from high-to mid-latitudes (see Figs. 3 and 5). The delay in the occurrence time of a negative T EC% between high-and mid-latitudes (indicated by the upward arrows in Fig. 3 ) is probably due to the propagation delay of the ionospheric/atmospheric disturbance (Jakowski et al., 1999) . Indeed, the T EC% trough maximized at McMurdo at 18:30 UT on 22 September, while the one at Hobart maximized about 4 h later. This would correspond to a wind velocity of the order of 200-500 ms −1 , which is in agreement with current theories (Prölls, 1997) and other experimental observations (Förster and Jakowski, 2000) . Similarly, the prominent pre-storm TEC depletions at high-and mid-latitudes could be related to the moderate storm that occurred on 21 September.
The unusual daytime poleward expansion of depleted TEC at the equatorial and equatorial anomaly peak regions in between 01:00-04:30 UT on 23 September, as shown in Figs. 3-6, has not been reported before. It could be related to the following. Despite the fact that there is energy input of the penetration of the electric field, which can cause joule heating in the ionosphere (Liu et al., 2000) , there has been speculation about an additional source of energy at lower latitudes during disturbances. In particular, Noël and Pröllss (1993) suggested that heating by a neutralized ring current could be the possible heat source at equatorial and tropical latitudes. According to the current general understanding, the direction of the atmospheric circulation is generally poleward during the day and equatorward during the night. Moreover, higher energy input to the equatorial latitudes may enhance the daytime poleward circulation, and these enhanced poleward winds can, in turn, move the ionization along the magnetic field lines to lower altitudes where the chemical loss rate is greater (Balan et al., 1991; Pröllss, 1997) . However, such enhanced daytime poleward circulation has not previously been supported by experimental observations. The GPS TEC observations of the 22 September severe storm show consistent low-latitude behaviour with that predicted by Balan et al. (1991) and Pröllss (1997) . That is a daytime poleward expansion of a region of plasma which depletion occurred on 23 September as indicated by vertical solid lines and upward arrows, respectively, in Figs. 3 and 4 . Note that it also caused a temporary suppression of the equatorial anomaly at the start of the storm recovery phase (23 September) (see top right panels in Figs. 5 and 6 ). This could be related to the downward, lower altitude motion of the ionospheric F-layer. Tan (1982) and Balan and Rao (1984) have shown that enhancements in peak electron density and TEC can occur at equatorial anomaly latitudes only if the F-layer remains at an altitude above about 250 km. Similarly, Fig. 7a , representing the virtual F-layer height (h F ) obtained from ionosonde stations at Townsville, Tidbinbilla, and Hobart, shows that the bottom of the F-layer is depressed down to 190 km or less around local noon at Townsville and Tidbinbilla. Although this doesn't necessarily mean that the F-layer peak height is less than 250 km, it indicates that the F-layer was relatively low at Townsville at the time of the TEC enhancement and in this respect it is in agreement with the above interpretation.
A significant positive effect at Macquarie Island (up to 100% or more) during the storm onset time, with a maximum at 16:00 UT on 22 September, is likely due to the energetic particles that precipitate at auroral or sub-auroral latitudes during magnetic disturbances (Jakowski, 1999) .
The Auroral Particle and Imagery plot for this event (available at http://sd-www.jhuapl.edu/Aurora/ovation/ovation{\ } display.html) shows that the auroral oval was expanded equatorward and totally covered Macquarie Island during the 22 September storm onset period. Ho et al. (1998) and Jakowski et al. (1999) observed similar ionization increases at the auroral and sub-auroral regions in the Northern Hemisphere during the severe magnetic storm on 10 January 1997. At McMurdo, however, it is suggested that enhanced recombination due to an excessive precipitating particle energy input to the region enhanced the recombination rate (referred above), so that the TEC was depleted by about 30%.
The strong positive storm effect at equatorial stations between 12:00-21:00 UT (during local nighttime), with a maximum enhancement peak (∼160% at Vanimo) at 20:00 UT (just before local sunrise), on 22 September, can be explained by an increased downward flow of plasma from the plasmasphere due to strong downward E×B drift. The horizontal component of the geomagnetic field at the magnetic dip equator reflects the change in the equatorial plasma fountain, and the difference between H at the equator and at a nonequatorial location is a good indicator of the vertical E×B drift (Horvath and Essex, 2003a) . Figure 7b displays It can be seen from Figure 7b that H is the lowest between 12:30-17:30 UT (local nighttime in that the zonal electric field is westward) on 22 September. Therefore, this is when we can expect the maximum downward E×B drift, which is at the same time as the TEC enhancement occurred at the equator.
The TEC enhancements peak that is nearly simultaneous at all stations at 23:30 UT on 22 September (see Figs. 4 and 6) may well be related to electric field penetration to lower latitudes in the ionosphere. Theoretical considerations (Buonsanto, 1999 and references therein) and earlier observations (Jakowski et al., 1999; Basu et al., 2001) show that the zonal electric field of magnetospheric origin may penetrate down to the ionosphere when the IMF turns southward and before the ring current has developed. In the case of the 22 September storm event the IMF turned southward dramatically at 19:30 UT, which is approximately the same time as the TEC enhancement commenced. Moreover, the vertical E×B-drift estimator, H , shows a dramatic peak at 22:30 UT, which is well correlated with the TEC enhancement. This vertical drift is also supported by the ionosonde measurement data. In the first approximation the TEC can be expressed via the F-region peak frequency and the ionospheric slab thickness using a simplified relation given by Breed et al. (1997) and Förster and Jakowski (2000) . So, if the slab thickness is not changed at the stations where the ionosonde data was available then the TEC is in proportion to the square of f 0 F 2 . Indeed the diurnal behaviours of GPS TEC (solid lines) and (f 0 F 2 ) 2 (dotted lines), which is normalised to 1/3, shown in Fig. 4 , indicate that (f 0 F 2 ) 2 is declining whilst TEC maintains significant ionization during the period mentioned above. This indicates that the plasma is drifted to the topside ionosphere since this region of the ionosphere contributes to TEC, whereas (f 0 F 2 ) 2 describes conditions at the F-layer peak which are affected by the eastward electric field mentioned above.
Strong TEC enhancements at McMurdo between 21:00-23:30 UT and at Macquarie Island between 00:00-01:00 UT on 22 and 23 September could result from the equatorward migration of the negative storm effect. Balan et al. (1991) suggested that as the trough moves equatorward from highlatitudes particle precipitation enhances the ionization in the region previously occupied by the trough. Indeed, this is consistent with the steep increase with time of T EC% at the two stations mentioned above. Now consider the post-sunset TEC enhancements observed at high-and mid-latitudes on 23 September, as indicated by the downward arrows in Figs. 3 and 4. There is a clear explanation for this event. Storm associated energy input into high latitudes (referred above) induces meridional equatorward winds through atmospheric heating. The storm induced meridional winds, in turn, drive the plasma along magnetic field lines to higher altitudes where the plasma loss rate is lower. This plasma uplifting is more effective at mid-latitudes where the geomagnetic inclination is close to 45 • (Buonsanto, 1999; Jakowski et al., 1999 and references therein) . Indeed, this is quite consistent with our observations presented in Figs. 3-6 , which show a positive effect greatest at Tidbinbilla. Furthermore, the uplifting effect, which first occurred at McMurdo at 03:00 UT on 23 September, occurred at Tidbinbilla about 4 h later. This corresponds to a propagation velocity of the order of 400-600 ms −1 , which is in agreement with current theories (e.g. Pröllss, 1997) and earlier observations (e.g. Jakowski et al., 1999) . The virtual F-layer height parameter, h F , measured by ionosondes, also shows the same plasma uplifting delay in time at lower latitudes, as indicated by the vertical arrows in Fig. 7a .
Although it has been extensively studied and well documented (e.g. Fuller-Rowell et al., 1997; Buonsanto, 1999; Jakowski et al., 1999 and the reference therein), it is worth mentioning the difference between the TEC enhancement mechanisms due to storm-induced meridional winds and intensified zonal electric field. The important role of these two mechanisms for explaining the positive storm effect is generally accepted. However, there is a big difference between them as evidenced by ground-based observations. The ionization enhancement due to the intensified zonal electric fields was revealed nearly simultaneously at different latitudes, whereas there is a significant time gap between higher and lower latitudes in the case of the meridional wind uplifting effect. This time gap is believed to be due to the propagation delay of the wind (e.g. Pröllss, 1997 , Fuller-Rowell et al., 1997 .
Although the recovery phase of the magnetic storm continued through the 24 and 25 September, there is little evidence in Figs. 3-6 of any storm effect in the ionosphere apart from relatively small-scale fluctuations in the cusp region, as shown by the observations at McMurdo. This indicates that ionospheric processes have returned to normal after almost two days of quite severe change when the ionization budget was not controlled by the usual local time variations in production, loss and transport, but rather it was controlled and governed by perturbations directly associated with magnetospheric storm phenomena.
Conclusion
The analysis of the variation of TEC obtained from a latitudinal chain of GPS stations located near the 150 • E meridian has identified the following overall effects:
-after the SSC, during the initial part of the storm main phase, a region of depleted plasma (negative storm effect) occurs at high latitudes which is then transported to mid-latitudes;
-also during the storm main phase a positive storm effect occurs at auroral and equatorial latitudes;
-storm-induced meridional winds blowing equatorward cause a steep ionization enhancement with time at highand mid-latitudes;
-penetration of magnetospheric origin electric fields to the altitude of ionosphere cause nearly simultaneous TEC increases at all latitudes;
-daytime poleward expansion of depleted ionization forms a belt of depleted ionization which causes a temporary suppression of the equatorial anomaly during the start of the storm recovery phase.
The result pointed out in the last point has not been reported before, and can be considered as the main contribution of this paper to current community knowledge on ionospheric storm effects.
